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ABSTRACT
The goal of this research is to design a conceptual model that can be used to
estimate subcanopy ultraviolet radiation (UVR) along a stream reach. Shading effects
produced by topographic features and riparian canopy cover influence the amount of
UVR reaching a stream surface.
The model proposed in this paper is based on an existing stream temperature
model, called SHADE, which consists of many attributes that are applicable to the
proposed model. Two tasks are undertaken to enhance SHADE's applicability to the
specific goals of this research: (1) Only total UVR is inputted into the proposed model
and is then disaggregated into its direct and diffuse components. (2) Alternative methods
using hemispherical photography techniques are chosen to address vegetative shading.
Hemispherical photography is the method chosen to characterize riparian canopy
cover because it provides a means for the development of a relationship between canopy
structure and subcanopy UVR environments. The key to establishing this relationship is
defining the location and size of canopy gaps that allow transmittance of UVR. For
direct radiation, a reasonable estimate of subcanopy direct UVR can be made by looking
at the intersection between canopy openings and the amount of direct sunlight that can be
expected from that sky direction. Similarly, for diffuse radiation, a reasonable estimate
can be made by looking at the intersection between canopy openings and the amount of
diffuse skylight that can be expected from all sky directions. Below the canopy,
attenuated values for direct and diffuse UVR are summed to give the total UVR reaching
the stream surface.
1. Introduction
The initial processes involved in the development of a model to estimate
subcanopy ultraviolet radiation (UVR) environments are presented in this paper. The
purpose of the model is to determine spatial and temporal average amounts of UVR
striking the surface of a stream, known as incident radiation. In this research, incident
radiation refers to the aggregated UVR over a stream reach as opposed to individual
values of UVR at specific points. The output given by this model will aide in
determining the effects of UVR on lotic systems.
Results of this research offer suggestions of methods to be used in expanding and
adapting an existing model called SHADE (Chen et aI., 1998) to develop a new model
that outputs estimates of UVR incident on stream surfaces. The expanded version of the
SHADE model proposed in this paper allows several parameters to be characterized in
more detail to suit the needs of the project. The primary modification of SHADE
concerns the development of a new method to adequately define riparian canopy cover.
The proposed model utilizes hemispherical photography to visually characterize site-
specific canopy structure.
The algorithms applied in the proposed model address attenuation processes of
the direct and diffuse components of UVR attributed to topographic and vegetative
shading effects. Direct radiation is transmitted through the atmosphere uninterrupted,
while diffuse radiation is observed from all sky directions. Topographic effects only
apply for direct radiation and depend on the extent of the natural relief and the solar path.
Canopy attenuation processes apply to both direct and diffuse UVR. The location of
canopy gaps with respect to the solar path is the most important variable when
considering attenuation of direct radiation. The percent of sky open (not blocked by
canopy cover) relative to the total sky is the most important factor considered for
modeling attenuation of diffuse UVR. The model outputs the total UVR below the
canopy by summing the direct and diffuse components adjusted for shading effects.
Many models have previously been developed, applied and verified that address
similar issues to those in this study, but none explicitly address UVR attenuation
processes due to shading effects along streams. Only the beginnings of a model are
presented here and future work is necessary to continue development efforts. This paper
should be used as a basic guide to write a source code for a model, which should then be
implemented, calibrated and verified.
1. 1 Research Objectives
The objective of this research is to model UVR attenuation processes influenced
by topographic and vegetative shading effects to determine incident UVR on stream
surfaces.
Specific objectives:
1. Research models that address issues related to shading and UVR.
2. Complete a thorough literature review and select ideas and methods that
would be useful in the proposed model.
3. Choose an existing model to expand and adapt to achieve the goals of this
project.
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4. Determine the strengths and weaknesses of the chosen model with respect to
the output desired from the expanded model. From the weaknesses, decide
which methods and calculations need to modified.
5. Develop an expansion of the existing model. Describe the basic function of
the model, how it works, its inputs, and its outputs. Limitations of the model
are also explained.
6. Explain the need for future research to be accomplished in order to implement
the proposed model.
1.2 Background
This paper is one contribution of many to a larger project which focuses on the
effects of UVR exposure on lotic systems within the Lehigh River Watershed. The
objective of this larger project is to determine how current watershed and river properties
(including land use and cover) interact with climate and solar radiation to determine
current UVR exposure, and how living organisms have adapted to survive this UVR
exposure. To accomplish this objective, many students and faculty are involved with
various research efforts that concentrate on subjects that will, when compiled, give a
comprehensive picture of the effects of UVR on lotic systems.
1.2.1 Ultraviolet Radiation
UVR is generally classified as having wavelengths ranging from 200nm-400nm.
This waveband is then divided into three sub-classifications, UV-C, UV-B and UV-A
(Blumthaler and Webb. 2003). UV-C (200nm-280nm) radiation contains the shortest of
all UVR wavelengths and is completely absorbed by the atmosphere. UV-B radiation
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(280nm-315nm) and UV-A radiation (315nm-400nm) contain wavelengths that are
mostly absorbed by the atmosphere, but not completely. As UVR wavelengths increase,
the amount reaching the earth's surface increases (Blumthaler and Webb, 2003).
Total UVR accounts for less than 10% of the total solar energy incident at the
earth's surface. The UV-B waveband contains less than 1% of the solar energy (Hester
and Harrison, 2000) at the surface. Although this is a small percentage, the observed
negative effects attributed to UV-B warrant the study of this band of radiation.
Radiation can reach the surface of the earth in two forms: direct beam or diffuse
radiation. Direct beam radiation is transmitted through the atmosphere uninterrupted and
reaches the earth along the same path from which it was emitted. Diffuse radiation
comes from all directions in the sky because it has been scattered throughout the
atmosphere. Generally, UVR is scattered significantly as it passes through the
atmosphere which causes the majority of the incident UVR on the surface to be diffuse.
Direct UVR comprises a smaller percentage of the total UVR reaching the surface.
1.2.2 Shading Effects
Shading influences the amount of UVR reaching stream surfaces and is therefore
one of the most critical parameters to consider for this investigation. An evaluation of
shading effects requires an investigation of both topographic and vegetative shading and
the ways in which they vary across the watershed as a function of land use and the natural
relief o( the area.
Land usage varies across the Lehigh River Watershed. Its tributaries drain
regions with land use and land cover ranging from mixed forest, agriculture and wetlands
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to dense urban populations. The types of shading that different stream reaches
experience in the watershed vary as a function of land use. In forested areas, shading is
important in determining incident UVR. In agricultural and urban areas, shading is less
important due to a lack of canopy cover.
Topographic shading effects mayor may not be important depending on the
natural relief of the land. Topography refers to the structure and geology of the area.
The type of topography near a stream can affect how much UVR reaches the stream
surface. For example, if a hill blocks the direct radiation emitted from the sun,
particularly early or late in the day, the stream will be shaded and therefore receive a
limited amount of direct UVR. In the Lehigh River Watershed, topographic features
range from steep sided gorges, to broad valleys and flat expanses.
Attenuation processes attributed to riparian canopy cover are the main concerns of
this study and are referred to as vegetative shading effects. Vegetative shading is a
difficult parameter to analyze because it varies extensively with land use and topography.
For example, riparian buffers may be sparse or non-existent in agricultural areas. The
presence of small vegetative buffer strips to prevent erosion and create small amounts of
shade on the stream surface may also be observed. Other, more forested areas may
exhibit dense, fully developed riparian buffers that provide complete canopy coverage
and continuous shading effects. Other challenges associated with quantifying riparian
canopy cover involve the spatial and temporal variability of shading effects.
Spatial variations occur along streams due to changes in land use as well as the
natural widening of streams as stream order increases. In higher order streams. the width
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of the stream is generally greater than in lower order streams and impacts of shading
effects are less profound. This study is most relevant in lower order streams where
canopy cover is relatively dense and extends partially or fully across the stream, creating
more shade on stream surfaces.
The canopy effect will vary temporally on a seasonal basis (e.g. by the presence
or absence of leaves in the canopy) and on a dieI basis depending on the sun angle
relative to the compass orientation of the stream and the height and proximity of trees.
Seasonal variations are not within the scope of this project and are not discussed. Diurnal
variations during times of full canopy cover are estimated by investigating reductions in
UVR related to the solar path and the canopy structure.
1.3 Approaches and Main Results
The approach for the development of this model involves:
1. Selecting an existing model to use as a foundation on which to make
modifications.
2. Determining additional and/or modified methods to be implemented for the
purposes of obtaining additional input data and, subsequently, estimates of
subcanopy UVR outputted by the model.
Many models have previously been developed for estimating subcanopy radiation.
Two types of models that address the effects of shading on incoming solar radiation were
reviewed for this study: stream temperature models and models that are concerned with
only the attenuation of UVR.
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Stream temperature models generally include methods for calculating the
attenuation of solar radiation caused by shading. Creators of these models recognize that
solar radiation plays an essential role in heating streams and that shading reduces the
amount of solar energy reaching them. The ways in which some models address shading
effects are discussed in more detail in Chapter 3.
Other types of models that are of particular interest address only UVR, primarily
in the context of agriculture, including field crops and orchards. An evaluation of canopy
cover is presented in these models differently than in stream temperature models. Instead
of focusing on a relationship between the solar path and the canopy cover, the gaps
within the canopy are of more concern. This approach is probably more descriptive in
terms of UVR because a relatively large portion of UVR is comprised of diffuse
radiation.
Subcanopy UV-B environments are estimated by simulating canopy attenuation
processes in many agricultural models to determine how much UV-B radiation reaches
sensitive parts of the plants below the top of the canopy. UVR, particularly UV-B, is
known to be harmful to crops leading to a reduction in grain yield, alterations in species
competition, and changes in plant structure and pigmentation (Gao, et. aI., 2002; Tevini
and Teramura, 1989; Bornman 1989). Models are useful tools in agriculture because
they can be used to help predict how crops will respond to changing UV-B irradiances.
Incorporation of some methods applied by these models is useful in developing a model
for the specific goal of detennining incident UVR on stream surfaces. Agricultural type
models will be discussed in more detail in Chapter 3.
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When choosing a model to modify and expand, it is important to recognize that
many methods and key components of the existing model are essential to retain, but
adaptations are also required. In this research, it is beneficial for the existing model to
address streams and variables related to stream shading, such as stream width, height of
the vegetation and the extent to which the riparian canopy cover reaches over the stream
producing shadows on the surface. A relationship between these variables and the solar
path must be established to determine where shading effects are significant and where
they are negligible. A foundation model must also allow disaggregation of total radiation
into its direct beam and diffuse components. This is crucial because the two components
of UVR are attenuated differently through the canopy.
The model chosen for this purpose is called SHADE (Chen et al., 1998) and is an
independent program \witten to adjust solar radiation data to be used as input into a
stream temperature model, called HSPF-FORTRAN (Chen et al., 1998). This model was
chosen because it incorporates vegetative and topographic shading effects as well as other
important parameters that will be discussed in Chapter 3.
However, motivations for the development of the SHADE model and the
expanded model are different, which means that changes to SHADE's algorithms are
inevitable. An important difference between the proposed model and the SHADE model
is that SHADE is designed to calculate total solar radiation whereas UVR is the only
concern for the modified model.
The SHADE model also lacks methods needed to adequately describe riparian
canopy structure. Application of hemispherical photography and an appropriate software
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package is the approach chosen to modify SHADE and to obtain more detailed canopy
structure information. Digital photographs are taken below the canopy with a
hemispherical (fish-eye) lens to give a complete view of the sky and canopy cover. The
camera captures a digital image of the sky and canopy which can be downloaded to a
computer and analyzed with the aid of a software package. The results of the analysis of
hemispherical photographs give several useful, site specific parameters that can be related
to the amount of UVR passing through the canopy. The gap fraction, or the ratio of open
sky to the total sky, is one of the parameters computed by the software package and is
used in this study to determine the location of the gaps in the canopy with respect to the
solar path as well as the total number and size of the gaps. These two pieces of
information are important to simulate the attenuation of direct and diffuse UVR.
Once a model is developed, it is necessary to corroborate and test it. The model
can be tested by applying it to a site of interest and then measuring the actual amount of
UVR incident on stream surfaces for comparison with the output of the model. By
making an additional effort to corroborate the model, the degree of accuracy will be
known and limitations can be revealed and appropriately addressed.
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2. UVR Literature Review
2. 1 Effects of UVR on Streams
The effects of incident radiation on lotic systems are determined by the exposure
of stream surfaces to UVR and the depth of the water column to which UVR can
penetrate, defined by transparency.
Many interrelated factors determine UVR transparency, which include:
1. Concentration of suspended particulate matter and dissolved organic material
(DOM).
2. Watershed properties such as land use, land cover and wetland areas.
3. Occurrence, intensity and duration of rainfall events.
4. Longitudinal variations related to stream order, stream discharge and changes
in the amount and absorptivity of suspended particulate matter and DOM.
The UV irradiance distribution through the water column is subject to absorption
and scattering by both dissolved and particulate material, which causes attenuation of
UVR. When there is more particulate material and DOM, UVR attenuation effects are
stronger and the radiation does not penetrate as deeply into the water.
The depth to which UVR penetrates the water column governs the extent to which
organisms are affected. From experiments conducted in marine environments, the effects
on organisms include decreased reproductive capacity, decreased growth and decreased
survival. Similar effects may be observed in lotic systems depending on the reactions of
organisms living in rivers and streams.
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Small animals and plants have been shown to be greatly affected by increased
levels of UVR. Phytoplankton, fish eggs and young plants with developing leaves are
especially susceptible to damage from overexposure to UVR. These organisms as well as
other affected animals are essential components of the food web (Tevini, 1993). If these
organisms are harmed by UV-B, a chain reaction of effects may be noticed throughout
the food web.
Although there is a lack of quantitative data in lotic systems, there is ample
evidence from studies in other aquatic environments that UV-B radiation introduces
considerable stresses on both primary producers and consumers in aquatic habitats
(Tevini, 1993).
2.2 UV Radiation Physics
UVR incident on stream surfaces must be estimated through modeling efforts in
order to determine the extent to which aquatic systems are affected. Accomplishing this
goal requires appropriate parameters to be inputted into a model for canopy attenuation
so that subcanopy UVR can be outputted. One of these input parameters is the total UVR
incident at the top of the riparian canopy cover. Incident radiation is the incoming
radiation at the outer edge of the atmosphere, modified by the atmosphere, which then
strikes the surface of the earth (Website, Glossary of Solar Radiation Terms). To better
understand how UVR emitted from the sun is attenuated as it passes through the
atmosphere to yield incident UVR on top of the canopy, a brief explanation of related
physics is given here.
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Extraterrestrial radiation is the amount that a location on Earth would receive if
there was no atmosphere (Website, Glossary of Solar Radiation Terms). This value is
calculable for any time when the location on the globe is known. However, due to
variability in the earth's atmosphere, incident radiation on the surface is not easily
calculated, because extraterrestrial UVR is modified by atmospheric processes that
reduce the amount of radiation received at the top of the canopy. Atmospheric
attenuation processes are those whereby some or all of the energy of electromagnetic
radiation is absorbed and/or scattered when traversing the atmosphere (Website, List of
Limnology Terms). UVR that enters the earth's atmosphere can be absorbed, scattered,
or transmitted without interruption (Blumthaler and Webb, 2003). If the radiation is
absorbed, it never reaches the earth's surface. If it is scattered, it does not reach the
surface directly, but from all directions in the sky. This type of radiation is referred to as
diffuse. If the radiation is transmitted without interruption, it is known as direct beam
radiation. The sum of direct beam and diffuse radiation is called total radiation (Website,
Glossary of Solar Radiation Terms).
2.2.1 Absorption
UVR is absorbed by atmospheric constituents, such as aerosols, ozone and other
gases. Aerosols are small particles that tend to stay in the air, such as smoke, dust, salt
and pollen (Website, Glossary of Solar Radiation Terms). These particles can be natural
in origin or related to human activity (Blumthaler and Webb, 2003). In addition to
absorbing UVR, aerosols also cause scattering. Scattering will be discussed in more
detail below.
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Ozone absorbs strongly at UV wavelengths and is mostly concentrated in the
stratosphere with smaller concentrations in the troposphere (Blumthaler and Webb,
2003). Its concentration in the atmosphere is a controlling factor in the amount ofUVR
that is absorbed. If atmospheric ozone decreases, then UVR increases, when all other
parameters that influence UVR are constant (Blumthaler and Webb, 2003).
Absorption is a wavelength dependent process in which short wavelengths are the
first to be absorbed in the upper regions of the atmosphere. The shorter the wavelength,
the higher up in the atmosphere it is absorbed (Blumthaler and Webb, 2003). All
radiation in the UV-C waveband is absorbed. As wavelengths increase (UV-A and UV-
B), the amount of radiation absorbed decreases.
The amount of radiation that is absorbed also depends on the thickness of the
atmosphere through which the radiation passes. The thicker the atmosphere, the more
radiation absorbed; absorption is dependent on the solar position relative to a location on
earth.
2.2.2 Scattering
Scattering is the redirection of energy in a different direction during which no
energy is lost and the wavelength remains the same (Blumthaler and Webb, 2003).
Scattered radiation is either backscattered and lost to the system or it can go on to reach
the surface of the earth by a different route from the direct beam (Blumthaler and Webb,
2003). Scattering is wavelength dependent and can be described by two models:
Rayleigh and Mie scattering. These two types of scattering are determined by the relative
sizes of the scattering body and the wavelength of the radiation.
14
Rayleigh scattering occurs when the scattering particles are small compared to the
wavelength. This type of scattering occurs predominantly in the lower atmosphere where
molecular number densities are greatest. The effects of a clean, clear atmosphere are well
defined by Rayleigh scattering. UVR undergoes this type of scattering with the result
that a significant fraction ofUVR will always be diffuse (Blumthaler and Webb, 2003).
Because atmospheric conditions on a molecular level are relatively constant over time,
Rayleigh scattering generally produces a relatively uniform sky distribution of diffuse
UVR. However, the atmosphere may contain clouds, or high concentrations of aerosols
and pollutants, which can have significant effects on UVR (Blumthaler and Webb, 2003).
In these cases, Mie scattering may affect incident UVR.
Mie scattering is more relevant for larger particles such as aerosols and cloud
particles. This type of scattering is most effective when scattering particles and
wavelengths are of similar size, which means that it does not have the same strong
wavelength dependency as Rayleigh scattering (Blumthaler and Webb, 2003). Mie
scattering depends on the ratio of wavelength to particle size and the number of scattering
particles in the atmosphere (Hester and Harrison, 2000). Because atmospheric conditions
related to cloud cover and the concentration of other atmospheric particles are extremely
variable in time, Mie scattering is observed more locally as opposed to over an entire
region. More particles in the atmosphere increase the chances that UVR will be Mie
scattered.
15
2.2.3 Summary of Atmospheric Processes Affecting UVR
The three primary atmospheric processes (absorption, scattering and direct
transmission) are affected by many important factors that determine the incident radiation
at a particular location at the top of a riparian canopy cover, including (Blumthaler and
Webb, 2003):
1. The solar path, defined at any time by the solar zenith angle and the solar
azimuth angle (Chen et aI., 1998). The solar zenith angle is the angle between
the local 90° vertical and the position of the sun in the sky (Blumthaler and
Webb, 2003). The solar azimuth is the angle between the horizontal direction
of the sun and a reference direction, usually north (CID, Inc., 2003).
2. The ozone and aerosol content within the atmosphere.
3. The latitude and altitude at the site of interest, which determines atmospheric
conditions (i.e. thickness of atmosphere, weather conditions, moisture content,
aerosol concentrations).
4. Clouds, which attenuate radiation in a manner that is not strongly wavelength
dependent, but is highly variable and generally unquantified because of the
difficulty in defining cloud conditions (Blumthaler and Webb, 2003).
The solar zenith angle can be easily calculated by relating the path of the sun and
the latitude of a chosen site (Blumthaler and Webb, 2003). When the solar zenith angle is
large, the sun is low in the sky as can be observed in the morning or evening. During
mid-day, the solar zenith angle is smaller.
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The percentage of the total radiation that is direct or diffuse is affected by the
position of the sun in the sky due to the fact that the path length of a beam of radiation
through the atmosphere changes throughout the day. At large solar zenith angles, the
slanting path that the radiation travels through the atmosphere is longer and more
absorption and scattering takes place (Hester and Harrison, 2000). The percentage of
diffuse radiation is greater during these times. At low solar zenith angles, the
atmospheric thickness through which radiation must be transmitted is smaller and more
direct radiation is incident on the surface during these times.
The direct component of UVR, although smaller than the diffuse component,
contributes to the total UVR incident on the earth's surface and is therefore important to
consider in modeling efforts. The percentage of direct radiation relative to diffuse
radiation varies throughout the day. Consequently, the greatest amount ofUVR at the
surface is during the middle of a clear day when both components of radiation are
reaching the surface. In the morning or evening when the direct component is less
pronounced, the total UVR is less than at midday.
The incident UVR at the top of a riparian canopy cover is dependent on all factors
discussed. However, to obtain a value ofUV irradiance at the top of the canopy, it is best
to directly measure incoming UVR that has been modified by atmospheric attenuation
processes.
2.3 Shading Effects
Stream shading dynamics are controlled by the spatial relationships among sun
position. location and orientation of the stream reach. hillslope topography and riparian
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vegetation buffers (Chen et ai., 1998). As the sun's position in the sky changes
throughout the day, so does UVR attenuation attributed to topographic and vegetative
shading. At high solar zenith angles, topographic shading effects may playa more
significant role and vegetative shading is ignored. At low solar zenith angles, vegetative
shading effects are likely to be important.
Before shading effects can be considered, the total incoming UVR must be
disaggregated into its direct and diffuse components because the two components are
affected differently by shading effects and must be addressed and modeled separately.
Only when the relative amounts of direct and diffuse UVR have been estimated, can
attenuation processes influenced by topographic and vegetative shading effects be
addressed. The reduction of direct beam radiation is controlled by the geometric
relationship among the solar path, valley topography and riparian buffers (Chen et ai.,
1998). The amount of diffuse radiation that reaches the stream surface primarily depends
on the percentage of the sky open compared to the total sky (Chen et ai., 1998). The
values of direct and diffuse UVR adjusted for shading effects are then summed to yield
the total UVR below the canopy.
2.3.1 Attenuation of Direct UVR
To model the amount of direct UVR that reaches the stream surface, a clear path
between the sun and a point on the stream surface must be present. If a solar beam is
obstructed by any topographic feature or a portion of the riparian canopy cover, the beam
is prohibited from reaching the surface. When topographic shading effects exist.
yegetatiye shading can be ignored because topographic features are generally large
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enough to produce complete shade over stream reaches. If no topographic shading is
present, then the gaps in the canopy cover relative to the position of the sun must be
determined to account for vegetative shading effects.
To determine whether or not topographic shading effects exist, the solar elevation
is compared to the height of topographic features, which are measured by topographic
shade angles. Topographic shade angles are angles measured from the stream surface up
to the top of topographic features (See Figure 3). The solar elevation is the angle that
represents the vertical distance of the sun from the horizon. When the solar elevation is
small (the solar zenith is large), the natural relief of the land may block the sun's beams
and a shadow is cast upon the stream. As the sun rises in the sky and the solar elevation
becomes larger (solar zenith becomes smaller), the effects of topographic shading
become small or non-existent; the sunbeam can pass the ridge and enter the stream valley
(Chen et ai., 1998). At solar noon, when the sun is directly overhead, it is likely that no
shadow is produced by land features.
Vegetative shading influences the direct UVR incident on a stream surface when
topographic shading is not present. Gaps between canopy features allow transmittance of
direct UVR through the canopy, whereas canopy foliage can block a beam of direct UVR
from reaching the water surface. The location and size of canopy gaps that are exposed
to direct sunlight throughout the day govern the amount of direct UVR incident on a
stream surface.
An index called the Oirect Site Factor (OSF) can be used to quantify direct UVR
below the canopy. The OSF is defined as the proportion of direct sunlight under a plant
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canopy relative to that in the open (Rich, 1990). This method of relating the canopy
structure to the attenuation of direct UVR will be explained further in Chapter 3.
2.3.2 Attenuation of Diffuse UVR
To simulate canopy attenuation processes of diffuse UVR, the ratio of the area of
canopy gaps to the total area of the sky is the most important parameter. This parameter
is called the gap fraction and can be detennined through the analysis of hemispherical
photographs. The diffuse radiation incident on a stream surface is a fraction of the
diffuse radiation above the canopy proportional to the gap fraction. An index called the
Indirect Site Factor (lSF) is used to quantify subcanopy diffuse UVR. The ISF is defined
as the proportion of diffuse skylight under a plant canopy relative to that in the open
(Rich, 1990). This method of relating the canopy structure to the attenuation of diffuse
UVR will be explained further in Chapter 3.
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3. Modeling Strategies
Given site specific information and with a theoretical background of the ways in
which UVR is attenuated, a model can be developed to give reasonable estimates of the
incident UVR on stream surfaces. Existing stream temperature models and radiative
transfer models are reviewed to help determine the best approach for choosing a model to
be used as a foundation upon which to build a new model.
In this section, existing models are summarized and a detailed description of the
stream temperature model chosen to be modified, SHADE, is given. Limitations of the
SHADE model dictate the design of the proposed model and relate primarily to its
treatment of diffuse radiation. A sky openness factor is used in SHADE to represent the
sky open above the stream, but does not address sky that may be visible through gaps in
the canopy. This approach may be sufficient if diffuse radiation is not the primary
component of interest. However, a significant part of UVR is comprised of diffuse
radiation, so a more detailed approach is necessary to model attenuation processes and
will be explained in the following chapter.
Through an analysis of SHADE's weaknesses and the strengths of other existing
models, hemispherical photography was chosen as a supplemental method in the
proposed model to obtain adequate riparian canopy cover input data. A review of
hemispherical photography and its applications are presented.
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3.1 Stream Temperature Modeling
Stream temperature models are developed to assess the effects of water
temperature changes on natural ecosystems within streams. In many areas, particularly
heavily logged areas, problems concerning the elevation of stream temperature due to the
destruction of riparian vegetation buffers have arisen. The presence of shade-producing
riparian canopy cover is important because it helps block incoming solar radiation.
Removal of these buffers is one of the major water quality and aquatic habitat problems
in smaller streams (Chen et aI., 1998). Models have been developed specifically for
predicting stream temperature changes caused by riparian logging (Chen et aI., 1998).
It is necessary for stream temperature models to include methods that address
shading effects if relatively accurate water temperature simulation is desired. These
models generally include algorithms that calculate incoming solar radiation and then,
based on simplified riparian canopy cover or topographic data, output an estimate of the
amount of solar radiation that reaches a stream surface.
3.1.1 SHADE Model
3.1.1.1 Purpose
The purpose of the stand-alone computer program, SHADE, is to dynamically
adjust solar radiation data to account for topographic and vegetative shading effects. The
output data given by SHADE is to be used as input for water temperature simulation by a
stream temperature model. the Hydrologic Simulation Program-FORTRAN (HSPF)
(Chen et al.. 1998). SHADE was developed because the attenuation of solar radiation due
to shading effects is not adequately addressed in the HSPF model.
3.1.1.2 HSPF and the Shading Factor
The HSPF modeling system was chosen to be used in conjunction with SHADE
because it met a series of selection criteria, one of the most important being the inclusion
of a stream temperature simulation module (Chen et aI., 1998). Calculating stream
temperature changes is an important part of the overall purpose of the HSPF model,
which is to simulate the hydrologic, hydraulic, and water quality processes on pervious
and impervious land surfaces, in soil profiles and in streams and well-mixed
impoundments on a continuous basis (Chen et aI., 1998).
The HSPF model accounts for all shading effects that reduce the amount of
radiation striking a stream surface by incorporating a single parameter (Chen et aI.,
1998). Because shading is a critical regulator of solar radiation, and radiation is the
primary energy source for stream heating in low-order streams (Chen et aI., 1998), this
method of computing incident radiation on stream surfaces is too simple. The use of a
single shading factor significantly limits the applicability and accuracy of the model
because shading is affected by the continuously changing solar path. SHADE introduces
a new, advantageous approach for computing shading effects along a stream reach that
takes into account the structure of the riparian vegetation buffers and topographic features
relative to the solar path.
3.1.1.3 Approaches to SHADE
There are four major issues considered in the development of the SHADE model
(Chen et aI., 1998):
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1. Traditional fieldwork was deemed an impractical, if not impossible, way of
generating the extensive riparian databases required for all stream reaches in a
watershed. Advances in remote sensing and GIS technologies allow for this
data to be applied in the SHADE model (Chen et aI., 1998).
2. Stream shading dynamics are controlled by the spatial relationships among
sun position; location and orientation of a stream reach; hillslope topography;
and riparian vegetation buffers. By defining the sun's position each hour by
the solar zenith and azimuth angles, hourly solar radiation data incident on a
stream surface can be obtained (Chen et aI., 1998).
3. The solar radiation data output from SHADE is the average radiation over an
entire stream reach. Many points within a stream reach, called stream
sampling points, are analyzed due to large variations characteristic of riparian
buffers and topography. The data obtained from all stream sampling points
are averaged to obtain data for that reach (Chen et aI., 1998).
4. It is deemed essential that the input data of global solar radiation is
disaggregated into its direct and diffuse components (Chen et aI., 1998).
3.1.1.4 Inputs
To determine the average solar radiation over a stream reach, many stream
sampling points within a single reach are analyzed and averaged. All input data required
to operate the SHADE model must be obtained for every stream sampling point within a
reach to create individual data sets which consist of the watershed location, the daily
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global solar radiation, the stream location, the stream width, topographic shading
characteristics and vegetative shading characteristics.
1. The watershed location is defined by the latitude and longitude at the site.
This information is important when calculating the solar path.
2. The daily global solar radiation is entered into SHADE as an input file. This
file can be generated either by actual measurement or by computation based
on latitude, cloud cover and other meteorological parameters (Chen et aI.,
1998). Generally one data set is used for each stream sampling point within
the watershed; the total solar radiation is assumed to be relatively constant
across the entire area of interest.
3. The stream location is described by Universal Transverse Mercator Cartesian
(UTM) coordinates. By labeling each stream sampling point within a stream
reach with UTM coordinates, the compass orientation of the stream can be
calculated. The stream orientation is defined in SHADE as being the angle in
degrees from due north to the vector drawn from one point (Xl, yI) in a stream
reach to the next upstream point (X2, Y2) (Chen et aI., 1998).
4. The average stream width is computed by the hydraulic module section in the
HSPF model (Chen et aI., 1998).
5. Topographic shading characteristics are identified by topographic shade
angles, which are measured from the stream surface up to the topographic
features that obstruct the sun beam from reaching the stream surface (Chen et
aI., 1998). and inputted into the model as a file. This input file contains
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topography data for each stream sampling point, including topographic shade
angles that are measured at 12 standard directions with azimuth angles of 0°,
30°, 60° ... 330° (Chen et al., 1998). If additional information is required at
other in-between azimuth angles, the topographic shade angle can be
interpolated by using given topographic shade angles at the two standard
directions closest to the desired azimuth angle (See Figure 3).
6. Vegetation shading characteristics are defined by geometric features of
vegetation polygons. A vegetation polygon is a section of the riparian buffer
at a stream sampling point that is described by the following five parameters
needed for shade computations (Chen et al., 1998): (See Figure 5)
I. The distance from the edge of a stream's wetted perimeter to the
near stream polygon boundary.
11. The width of the vegetation polygon (essentially the width of the
riparian buffer).
iii. The average height of the vegetation in absolute value.
iv. The average height of the vegetation in reference to the elevation
of the stream surface.
v. The average canopy density.
All of these parameters can be estimated from GIS-based information. This
information has been developed in detail for the watershed used as SHADE's study site in
the Pacific Northwest of the United States. Because the quantity of this site-specific
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information is large, a new method of analyzing vegetation characteristics is investigated
for the current study and will be explained in following sections.
3.1.1.5 Methods to Calculate Shading Effects
Before initiating calculations to simulate shading effects, the model must
disaggregate the total solar radiation input file into direct and diffuse radiation
components. To accomplish this task, statistical approaches are employed to correlate the
fraction of incoming diffuse radiation and the fraction of incoming direct beam radiation
with an index used to represent atmospheric conditions, such as cloud cover and hours of
sunshine. Chen et al. (1998) derived an empirical equation from site specific data to
show the correlation between the index described above and the fraction of diffuse
radiation. The direct beam radiation is then determined by subtracting the diffuse
radiation from the total solar radiation. This method will not be explained in detail, but it
is noted that a fairly good fit to actual data obtained from SHADE's study area in the
Pacific Northwest has been achieved. Other ways to disaggregate solar radiation have
been investigated and will be discussed in the following chapter.
After the relative amounts of direct and diffuse radiation have been determined,
the reduction of each component due to shading effects is computed. Attenuation of
direct radiation depends on the geometric relationship between the solar path at a
particular time and the characteristics of the stream, topography, and vegetation buffers
(Chen et al., 1998). Shading effects are determined by comparing topographic shade
amzles and vegetation shade angles with the solar altitude. A vegetation shade angle is..... foo-' _ __
defined as the reverse tangent of the maximum height of the vegetation divided by the
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distance from the stream to the riparian buffer (See Figure 3). The solar altitude is the
complement angle of the solar zenith angle (See Figure 2). If the solar altitude is greater
than both the topographic and vegetation shade angles, then direct beam radiation reaches
the stream. When the solar altitude is less than the topographic shade angle, the direct
radiation is blocked from reaching the stream and vegetative shading effects are ignored.
To account for vegetation shading effects, there are several steps that need to be
completed. First, the direction from which the sun beam enters the canopy is identified.
Second, the information from the vegetation data input file is used to calculate the
minimum height of the vegetation polygon that can produce shade and the height
required to cast a complete shadow over the stream. Third, the effective shade density is
calculated using Beer's Law (Oke, 1978), which incorporates a solar radiation extinction
coefficient, computed as a function of the vegetation density (Chen et aI., 1998). The
vegetation density helps to account for gaps in the canopy that may allow direct radiation
to pass. Fourth, the accumulated shadow lengths created by many vegetation polygons
are computed and overhanging canopy cover is taken into account. Finally, the sum of
all vegetation shading effects is divided by the stream width. The result of calculations is
an approximate fraction of the stream surface covered by composite shade. This ratio is
then used to estimate the amount of incoming direct radiation that actually reaches the
water surface.
direct radiation(after shading) =
direct radiation(before shading) - direct radiation (before shading) * ratio (I)
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This process is complex and requires large amounts of detailed, site specific
information about the riparian vegetation buffers to be known. The complexity of this
process is not necessary to obtain the desired results in the current research. In the case
of UVR, the direct radiation reaching a stream surface can be calculated using a different
approach that will be explained in the following chapter.
Calculations to determine the diffuse radiation incident on stream surfaces are
only a function of the sky openness, which is defined as the fraction of the sky that is not
blocked by riparian vegetation or canyon topography (Chen et al., 1998). The sky
openness is calculated in SHADE by examining the height of topographic features and the
height of vegetation within a hemisphere of sky (See Figure 4).
180 - max(VSA, TSAZ) left bank - max(VSA, TSAZ) right bankSKOP = - -
180 (2)
SKOP= sky openness
TSAZ= topographic shade angle in the azimuth direction of interest
VSA= vegetation shade angle
The diffuse radiation reaching the stream surface is assumed constant over time
(Chen et al., 1998) and is calculated by multiplying the diffuse radiation observed before
shading effects are taken into consideration by the sky openness, as shown:
diffuse _ radiatiol1(Gftrr _"hade) =SKOP *diffuse _ radiatiol1(hejare _-'hade) (3)
This factor represents only the sky directly above the stream, which means that, if
complete canopy cover is observed, the sky openness factor would be zero. A value of
zero in the equation above would yield no diffuse radiation penetration through the
canopy. This scenario is generally not the case due to the presence of gaps in the canopy.
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Because it is essential that additional attention be given to modeling diffuse radiation in
this study, the sky openness method will not be used. Supplemental methods involving
hemispherical photography techniques are explained below.
The effects of moving water albedo are also calculated in the SHADE program.
Albedo is defined as the fraction of incident radiation that is reflected by the surface
(Website, Merriam-Webster Online). For example, if the water surface exhibits
approximately 0.1 albedo, then 0.1 of the radiation incident on the surface is reflected and
not absorbed by the water. An average value of albedo for total solar radiation in the
Pacific Northwest has been calculated as 0.09. Therefore, the values of direct and diffuse
radiation reaching the stream surface are corrected for the effects of albedo.
The final equation for the determination of total solar radiation incident on a
stream surface is:
total_radiatiOI1(mCldcnr_on_srrcam_.wrfacc) = (0.91) '" DijJuseadju.\lcd _for _..hadmg
+ (0.91) '" Directadjullcd _for _ ..hodmg
3.1.1.6 Output
(4)
The output from the SHADE program is an hourly time series data set of global
solar radiation for each stream reach, which is the sum of the adjusted values of direct
and diffuse radiation.
3.1.1.7 Comments
The SHADE model is an advantageous model to use as a foundation for this
study. There are two major issues that need to be addressed to successfully adapt SHADE
for the goal of modeling UVR.
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1. The daily global solar radiation input file must be altered so that only the total
UVR is inputted. Then the method used to disaggregate the total UVR must
be modified so that it can be applied to the Lehigh River Watershed.
2. The way in which vegetative shading is addressed in SHADE is more
computationally intense than is required for use in the proposed model. Direct
and diffuse UVR are attenuated through riparian canopy cover differently than
total solar radiation, and therefore, must be modeled differently. An original
approach using hemispherical photography is developed for simulating
attenuation processes due to riparian canopy cover and will be explained in
the following chapter.
3.1.2 CE QUAL-W2 Model
3.1.2.1 Purpose
CE-QUAL-W2 is a water quality model developed for the U.S. Army Corps of
Engineers that is concerned with simulating basic eutrophication processes and
temperature-nutrient-algae-dissolved oxygen-organic matter and sediment relationships
(Cole and Wells, 2003). The model is also capable of predicting water surface
elevations, velocities and water temperature. To aide in stream temperature modeling
aspects, a dynamic shading algorithm is included based on topographic and vegetative
cover (Cole and Wells 2003).
The methods applied in this model give a general estimate of only the direct
component of solar radiation incident on a stream surface and the diffuse component is
not addressed. This approach may be acceptable when diffuse radiation is only a small
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portion of the total incoming solar radiation, but to model UVR, the algorithms used in
CE-QUAL-W2 are not applicable. Therefore, this model is not used as a guide in
adapting a model to accomplish the goals of this project. A brief description of shading
algorithms used in CE-QUAL-W2 is given below.
To account for shading effects, the solar path is related to the height of the
topographic features and the riparian vegetation. The sun's position in the sky is defined
at any time by the solar altitude and the azimuth angle. The solar altitude is the angle of
inclination of the sun relative to the horizon from an observer's perspective (See Figure
2) (Cole and Wells, 2003). This angle is a function of the latitude at the site of interest,
the local hour angle (a function of the longitude and the Julian day) and the solar
declination angle (a function of the Julian day). The solar azimuth angle is a function of
the latitude, the solar declination angle, the local hour angle and the solar altitude.
After computing the solar altitude and azimuth angle, the impact of shading is
computed (Cole and Wells, 2003). For topographic shading effects, the topographic
inclination angle, which represents the height of topographic features relative to the
stream surface, is compared to the solar altitude. If the solar altitude is less than the
calculated topographic inclination angle, then topographic features create complete shade
causing the solar radiation to be reduced by 100% (Cole and Wells, 2003). If the solar
altitude is above the calculated inclination angle, then vegetative shading dominates.
The vegetative shading algorithm calculates shading influences by determining
how far a shadow is cast over the water. Foliage density is addressed by the
incorporation of a shading reduction factor that can modify shading effects. If vegetation
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density is low, the shading factor reduces the overall effect of vegetative shading and vice
versa if vegetation density is high. This shade factor is multiplied by the shadow length
perpendicular to the edge of the water and divided by the stream width. This answer is
subtracted from one to yield a value that represents the amount of shade being cast over a
stream. Finally, the radiation incident on a stream surface is given by multiplying the
amount of shade, calculated above, by the measured above-canopy solar radiation.
SROnel =SRO* Shade (Cole and Wells, 2003) (5)
SROnel = Short wave solar radiation incident on the stream surface
SRO = Short wave solar radiation above the canopy
Shade = Amount of shade
3.2 UV Radiative Transfer Models
The general purpose of UV radiative transfer models is to assess the effects of
increased levels ofUVR on plant and animal life (Gao et aI., 2002). Advanced research
efforts are aimed at predicting incident UVR on the earth's surface and determining
subsequent, harmful effects attributed to UVR.
UV radiative transfer models are used in a variety of studies including (Website,
UV Ground- and Space-based Measurements, Models, and Effects):
1. The effects of direct and diffuse UV irradiances on the various stages of plant
development.
2. The effects ofUV-B on litter decomposition.
3. The cumulative effects ofUV-B on trees.
4. The harmful and beneficial effects ofUV-A and UV-B on human health.
5. The effects ofUV-B on cellular levels of plants and humans.
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For this project, the models under review commonly address agricultural
applications to determine UVR effects on sensitive parts of individual plants, such as
young, developing leaves within a crop. The model discussed in this paper is a 3-D UV
Radiative Transfer Model (UVRT).
3.2.1 UVRT Model
3.2.1.1 Purpose
The purpose of the UVRT model is to simulate the UV-B irradiance loading on
horizontal, below-canopy surfaces, as influenced by vegetation (Gao et al., 2002). Given
initial sky conditions and canopy structure information, UVRT simulates canopy
attenuation processes of both direct and diffuse components to give the transmittance of
UVR, where transmittance is defined as the irradiance below the canopy divided by the
irradiance above the canopy (Gao et aI., 2002).
T . UV irradiance below canopy (6)ranSI111ttance =--=------='----=----.:....::-
UV _ irradiance _ above _ canopy
There are several characteristics of the UVRT model that are similar to those
desired for the new model. UVRT is used for simulating UV irradiance on horizontal
surfaces below the canopy, which is useful when the surface of interest is a relatively
horizontal stream. In addition, UVRT explicitly addresses UVR, both the direct and
diffuse components. Gao et al. (2002) recognize that these two components are
attenuated differently through the canopy, which is demonstrated by the way canopy
attenuation processes are simulated.
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3.2.1.2 Approaches and Methods
The UVRT model assesses subcanopy UVR environments given initial sky
conditions and canopy composition and structure (Gao at aI., 2002). After inputting the
required parameters needed to characterize atmospheric conditions, UVR above the
canopy and the canopy structure, methods are applied to disaggregate the total UVR into
direct and diffuse components. Statistical equations are then applied to simulate the
attenuation of each component through the canopy. The statistical approaches used are
beyond the scope of this project and are not incorporated into the expanded SHADE
model. Therefore, the details of this approach will not be explained. Total subcanopy
radiation is determined by summing the direct and diffuse radiation that has passed
through the canopy.
A 3-D model is used because a more simplified, I-D model cannot incorporate the
extreme spatial variability canopies can exhibit (Gao et aI., 2002). Canopy structure is
not homogeneous, as a I-D model must assume, and is therefore better characterized in 3-
D. This approach is a challenge because, as the dimensionality of the model increases,
the number of input parameters required also increases (Gao et aI., 2002). Many of the
additional inputs required by UVRT relate to the structure of the canopy.
Two statistical equations represent the probabilities that direct and diffuse UVR
will pass through the canopy simulating the attenuation of the two components of UVR.
These probabilities are multiplied by the values of direct or diffuse UVR measured above
the canopy to detenlline the percentage of top-of-canopy radiation that is incident below
the canopy. The direct UVR above is multiplied by the probability that a ray will pass
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through the canopy unintercepted. The diffuse UVR above the canopy is multiplied by
the probability that diffuse radiation will penetrate through gaps in the canopy. The
following equation shows how the two components are summed to give the total UV
irradiance below the canopy:
I, =(lboXPO)+(ldoxP'O) (7)
where:
I, = total UV irradiance below the canopy
1bO = direct component of UVR above the canopy
1do = diffuse component of UVR above the canopy
Po = the probability that direct UV will pass through the canopy
P'O = the probability that diffuse UV will pass through the canopy
3.2.1.3 Inputs
Model inputs include parameters related to atmospheric conditions, the total UVR
above the canopy, and the canopy structure. It is imperative that the total UVR above the
canopy is inputted into the model. This value can be calculated with empirical equations
or measured directly. The UVRT model calculates above-canopy UVR, which requires
additional information regarding atmospheric conditions. A derivation of empirical
equations used to describe atmospheric conditions will not be discussed here. The reader
is referred to Gao et al. (2002).
The canopy structure information required to be inputted into UVRT is extensive
and plant specific. Because this model is used in an agricultural setting, the dimensions
of individual plants and the spacing between them is relatively easy to determine. This,
however. is not the case along a stream because there is a much more diverse population
of flora. Vegetation input parameters are not deemed representative for modeling
riparian canopy cover.
36
3.2.1.4 Output
The UVRT model gives transmittance of UVR at a point in or below the canopy
by dividing the total UV irradiance above the canopy (as inputted by the user) by the total
UV irradiance below the canopy (as calculated by the model).
3.2.1.5 Comments
The UVRT model succeeds in accomplishing its goal of estimating subcanopy
UVR environments in agricultural settings. It is an important model for review because it
allows insight into the processes used to model attenuation of UVR through canopy
cover. The idea of multiplying above-canopy irradiances by calculated probabilities,
which state whether or not each component will pass through the canopy, is valid. This
simple equation clearly demonstrates that, as radiation passes through the canopy, it is
attenuated and only a fraction of the above canopy UVR is observed below. This is a
stepping-stone in the development of methods that can be used to expand the SHADE
model.
3.3 Hemispherical Photography
3.3.1 Purpose
Hemispherical photography is the method chosen to characterize riparian canopy
cover because it provides a means for the development of a relationship between canopy
structure and subcanopy UVR environments. Hemispherical photographs can be used to
indirectly estimate the radiation received at the point where a photograph is taken (Pearcy
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et aI., 1989). This method provides not only a quick and simple way to collect canopy
structure data, but also a permanent record of that data (Miranda, 2003).
A digital hemispherical photograph can be analyzed by an accompanying
software package to obtain geometric measurements of canopy cover, such as the size
and location of canopy gaps. Relationships are then established between those gaps and
the amount of above-canopy UVR to determine the UV irradiance beneath the canopy.
The relationships that are developed represent attenuation processes of direct and diffuse
UVR.
3.3.2 Theory of hemispherical photography
Hemispherical photography allows the user to capture, from below the canopy, a
digital image of the vegetative cover and the sky visible through gaps. A photograph of
this type is an equiangular projection, which means that there is a directly proportional
relationship between angular altitude and radial distance (Pearcy et aI., 1989).
Equiangular projections are known as Hill projections, named after the inventor of the
first equiangular lens (Pearcy et aI., 1989). A hemispherical photograph is oriented so
that the zenith angle is zero in the center and increases as the radial distance increases.
The horizon is represented along the edge of the photograph. Although many cameras
fitted with a fish-eye lens can capture a complete hemispherical view, there tends to be
some angular distortion in the outer 1/3 of the image that requires correction (Pearcy et
a1.. 1989).
The analysis of hemispherical photographs has been used in a diverse range of
studies to characterize plant canopy structure and light penetration (Rich, 1989).
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Estimating subcanopy radiation environments is the focus of this study, but research to
determine specific aspects of canopy architecture has also been undertaken. A canopy's
architectural properties can be useful in understanding the relationship between solar
radiation and plants' physiological processes.
Specific studies of radiation penetration through the canopy using hemispherical
photography have been carried out by researchers in the past. Evans and Coombe (1959)
superimposed sun path diagrams on hemispherical photographs to study the light
environment under forest canopies (Rich, 1989). More general methods for estimating
subcanopy light environments using hemispherical photography were first presented by
Anderson (1964, 1971), who provided a thorough theoretical treatment for calculating the
penetration of direct and diffuse components of solar radiation through canopy openings
as determined using hemispherical photographs (Rich, 1990). Within the last two
decades, hemispherical photography has become easier to apply due to technological
innovations; the combination of digital photography and analytical software advances
allow for hemispherical photography to be used relatively simply to obtain site specific
canopy structure data.
3.3.3 Techniques for estimating subcanopy UVR environments
With the use of hemispherical photography to obtain the fraction and distribution
of canopy openings, it is possible to make reasonable estimates of solar radiation
penetration.
There are several recommendations that have been published regarding
photographic techniques (Pearcy et al., 1989):
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1. To obtain high resolution photographs, they should be taken on overcast days
because of the relatively uniform sky conditions. Early mornings or late
afternoons may also be appropriate times to capture a good quality image.
2. When taking hemispherical photographs, the camera should be oriented
toward true north so that compass directions may be correctly identified on the
image. This step is also important so that the solar path can be traced over the
image to show the relationship between the direction of the sun and the
canopy gaps.
After the pictures have been taken, they are downloaded onto a computer and
analyzed with a software package. There are several software options, two of which are
discussed below. These two software packages differ in the information that is outputted
from the analysis of the hemispherical photographs. The first software accompanies the
CI-IIO camera system manufactured by CID, Inc., which was purchased for use in this
study. This software estimates canopy architectural features and outputs only
information regarding the physical aspects of the canopy. Supplemental methods must be
used to determine the amount ofradiation below the canopy. The second system,
CANOPY@, was created by Paul Rich and is able to apply estimations of canopy structure
to calculate subcanopy radiation environments. Methods used in the CANOPY@ program
are ideal for the purposes of this research and will be reviewed as possible supplemental
methods to the CI-II 0 system.
Both software packages analyze digital images of the canopy to obtain canopy
structure information. The major tasks for analysis of hemispherical canopy photographs
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are first to distinguish foliage from canopy openings and second to determine the
directional location of canopy openings (Rich, 1989). Classifying each pixel of a digital
canopy photograph is achieved by determining a threshold level that distinguishes foliage
from canopy gaps. The user has some influence over this process through the use of the
thresholding tool, available in both the CI-ll 0 system and the CANOPY@ program. The
thresholding tool is an algorithm used to distinguish foliage from canopy openings. Any
value "whiter" than the threshold level is marked as a canopy opening, while any value
"darker" than the threshold is marked as foliage (Miranda, 2003). By setting the
threshold level to 100%, any dark area of the photograph will be labeled as canopy
whereas the white areas will be labeled as sky openings. Most gray areas will also be
marked as canopy. If the threshold level is set lower, say to 50%, then the gray areas
may be marked as canopy openings and only the darkest areas will be marked as canopy.
From this procedure, canopy openings and their locations are identified.
3.3.3.1 CI-110 Camera and Software
The CI-110 system consists of a digital camera fixed with a fish-eye lens, plant
canopy analysis software and a computer. The system is portable and relatively easy to
handle in the field. The camera is set within a self-leveler to ensure that the zenith is
centered in the photograph. The user must carry a compass to correctly orient the camera
before taking a picture.
When an image of the canopy is captured. it is analyzed by the software by first
detemlining the fraction of the sky visible from beneath the vegetative cover (CID, Inc..
2003). This is accomplished by assigning values between 0 and 1 to each pixel
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comprising the photograph. A 0 means that no sky is visible below the canopy, while a 1
means that the entire sky is visible. A fraction indicates partial foliage cover (CID, Inc.,
2003). The software then counts the number of pixels that are classified as sky and
compares that value to the total pixels. This procedure yields the gap fraction.
The gap fraction is then utilized to calculate other features of canopy architecture.
For this research, the gap fraction is the only concern. The CI-II0 system is limited in
that characteristics of canopy architecture are the only outputs given by the software
analysis that can be applied to the current research. Supplemental methods have been
researched so that CI-ll 0 outputs, although limited, may be used in the estimation of
subcanopy radiation environments.
For a more detailed account of the CI-110 system, the reader is referred to
Miranda (2003) who investigated applications of the system.
3.3.3.2 CANOPY@ Software
The second software package that is discussed is called CANOPF and was
developed by Paul M. Rich (1989). After the hemispherical photographs have been
analyzed by CANOPF to determine which parts are canopy and which parts are open to
the sky, the next stage in the analysis is to determine the implications or consequences of
having canopy openings at particular locations (Rich, 1989). One consequence of having
a canopy opening at a particular sky location is that light can pass unimpeded through the
opening (Rich, 1989) depending on the location of the sun in the sky.
In CANOPYf', it is assumed that most solar radiation penetrating through the plant
canopy comes through canopy openings. For direct radiation. this assumption implies
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that a reasonable estimate can be made by looking at the intersection between canopy
openings and the amount of direct sunlight that can be expected from that sky direction.
Similarly, for diffuse radiation, a reasonable estimate can be made by looking at the
intersection between canopy openings and the amount of diffuse skylight that can be
expected from that sky direction (Rich, 1989).
While hemispherical photographs help to determine the locations of gaps, the
amount of radiation above the canopy must also be considered. When considering the
direct component of solar radiation, the position of the sun in the sky determines the
direction from which the radiation may pass through the canopy. The apparent sky
direction of the sun can be calculated with great accuracy as it varies with latitude, time
of day, and time of year (Rich, 1990). By tracing the sun's path across the sky and
overlaying it on the hemispherical photograph, sun tracks are created. The intersections
of direct sunlight and canopy openings can be visualized to determine how much direct
radiation penetrates the canopy.
The amount of diffuse radiation above the canopy depends on the extent of
scattering effects in the atmosphere. Because atmospheric conditions are variable (i.e.
cloud cover, pollution, dust, etc.) at a particular location, it is difficult to definitively
calculate the diffuse radiation reaching the top of the canopy. The diffuse radiation at a
location over a period of time can be determined through measurement. However, this
approach may not be realistic in all cases. If it is not reasonable to measure incident
radiation in the open, diffuse radiation can be estimated by assuming a distribution of
skylight. There are two commonly used diffuse skylight distributions:
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1. Uniform Overcast Sky (UOC): The UOC assumes that diffuse radiation flux is
the same from all sky directions (Rich, 1990). This type of distribution may
be relatively accurate if estimates are being made on an overcast day when
radiation is being scattered almost uniformly.
2. Standard Overcast Sky (SOC): The SOC assumes a distribution that depends
on zenith angle, with more diffuse radiation flux from sky directions toward
the zenith (Rich, 1990). This type of distribution allows for some variability
in local atmospheric conditions.
Although these distributions do not yield the best estimates of diffuse radiation,
they allow for standardization of calculations (Rich, 1990) and reasonable results can be
achieved.
CANOPY@utilizes three non-dimensional factors to quantify the UVR beneath the
canopy. The ways in which these parameters are determined and the relationship
between them can be directly applied to the proposed model.
1. Direct Site Factor (DSF): The DSF is the proportion of direct sunlight under a
plant canopy relative to that in the open (Rich, 1989).
DSF = direct _ sunlight _ under _ canopy
direct _ sunlight _ outside _ of _ canopy (8)
This factor is estimated by calculating the solar path across the sky and
applying canopy photographs. By detennining which areas of the photograph
lie within the solar track, the number of pixels labeled as canopy gaps in this
region is counted and divided by the total number of pixels in the region (See
Figure 8).
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2. Indirect Site Factor (ISF): The ISF is the proportion of diffuse skylight under
a plant canopy relative to that in the open (Rich, 1989).
ISF = diffuse _ skylight _ under _ canopy (9)
diffuse _ skylight _ outside _ of _ canopy
This value can be easily estimated from canopy photographs and assumptions
concerning the distribution of diffuse radiation. Similar to the method of
calculating the DSF, the number of pixels labeled as canopy gaps in the whole
photograph (because diffuse radiation penetrates from all sky directions) is
counted and divided by the total number of pixels (See Figure 9).
3. Global Site Factor (GSF): The GSF is the total proportion of global radiation
under a plant canopy relative to that in the open (Rich, 1989).
The following equation shows how the DSF, ISF and GSF are related:
GSF = p d [DSF] + P, [ISF] (10)
where Pd and Pi are the proportion of direct and diffuse radiation that comprise
the total radiation under the canopy (Rich, 1989). The values of these
proportions, Pd and Pi, are the relative amounts of direct and diffuse radiation
as measured in the open, respectively.
The equation relating the three factors shows how attenuation of UVR through
vegetative cover is simulated. The attenuation of diffuse radiation is directly proportional
to the ISF which represents the canopy gaps exposed to diffuse radiation compared to the
total area of the sky hemisphere. The attenuation of direct radiation is directly
proportional to the DSF. which represents the canopy gaps exposed to direct radiation
compared to the area traced by the solar path. The GSF is simply a weighted sum of
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direct and diffuse irradiances above the canopy. To obtain actual values ofUV
irradiances below the canopy, it is only necessary to multiply the GSF, DSF and ISF by
the appropriate radiation values measured in the open for the site (Rich, 1989).
3.3.4 Comments
Hemispherical photography is a worthwhile technique to consider for
characterizing riparian canopy cover in an efficient and sufficiently detailed manner.
Canopy structure input data is created by taking photographs of the vegetative cover at a
particular site and analyzing them with the use of CID Inc. 's software package. Next,
methods from Rich's CANOpr program can be applied, utilizing the canopy structure
input data to estimate subcanopy UVR. This technique is important in accomplishing the
goals of this research.
Hemispherical photography is an advantageous method, but there are a few
limitations that should be explored further. First, the relationship expressed in the
CANOPF program between the GSF, DSF and ISF should be verified with empirical
results at a site of interest. This involves taking photographs beneath the canopy,
applying methods to obtain subcanopy UV irradiances and then taking actual UVR
measurements. Comparing actual measurements to theoretical calculations will help to
identify the significance of assumptions made as well as any sources of error that may be
introduced through this process.
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4. The Proposed Model
4. 1 General Approach
By conducting a thorough literature review of existing models that address the
attenuation of solar radiation due to shading effects, several conclusions were reached
that are used as design guidelines for the development of the proposed model:
1. None of the models reviewed explicitly address UVR attenuation due to
topographic and vegetative shading along a stream.
2. The SHADE model is the best choice of the models reviewed to use as a
foundation for the proposed model. Two major modifications are required for
the proposed model. First, total UVR reaching the top of the canopy must be
inputted and disaggregated into its direct and diffuse components. Second,
the ways in which vegetative shading is addressed in SHADE are not useful in
accomplishing the goals of this study; hemispherical photography is used as a
supplemental method.
3. UVRT provides insight into how the attenuation ofUVR through the canopy
can be represented with an equation. The basic form of the UVRT equation is
similar to equations applied in the proposed model (See Equation 7).
4. Techniques using hemispherical photography have been previously used to
characterize canopy architecture and subsequently estimate subcanopy light
environments. A review of these techniques leads to the conclusion that they
are useful in the process of detem1ining incident UVR on stream surfaces.
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Hemispherical photography and the analysis of canopy photographs with a
software package are chosen to replace methods applied in SHADE for
calculating vegetative shading effects.
4.1.1 Purpose
The purpose of the proposed model is to simulate the attenuation ofUVR due to
topographic and vegetative shading effects so that UVR incident on a stream surface can
be estimated. The long term goal of modeling subcanopy UVR environments is to
provide data that can be useful in determining the effects ofUVR on lotic systems. To
develop the most user-friendly and effective model for achieving the long term goal,
capabilities to estimate daily averages of subcanopy UVR as well as the maximum
amount of UVR reaching the stream surface on any given day should be included.
Suggestions of ways to design the model to yield the desired output are given below.
4.1.2 Assumptions
To develop this model, assumptions are made so that relatively straightforward
relationships between UVR and shading effects can be established. These assumptions
are explained below before the theory and methods behind the proposed model can be
fully developed. Some stated assumptions relating aspects of UVR physics with
modeling of UVR attenuation processes should be verified during future research efforts,
while others are deemed necessary for the application of methods involving
hemispherical photography.
1. It is assumed that the diffuse component ofUVR is of primary importance in
this study because a significant portion of the total UVR is diffuse. Direct
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radiation must be considered, but an estimate using hemispherical
photography methods should give adequate values of subcanopy direct UVR.
This statement must be verified in future research efforts.
2. When disaggregating above-canopy UVR into its direct and diffuse
components either by measurement techniques or by the application of sky
distributions, the following assumptions are made. If measurement techniques
are applied, it must be assumed that the relative amounts of direct and diffuse
UVR remain constant over the time between measurements. If radiation sky
distributions are applied, the direct and diffuse components can be modeled.
In this case, it must be assumed that the atmospheric conditions set forth in the
development of a sky distribution be representative of all possible sky
conditions. These assumptions will be expanded upon when methods of
disaggregating total UVR are discussed below.
3. The following assumptions are made so that hemispherical photography can
be applied more easily to the expanded model:
a. If topographic shading is present, then vegetative shading effects are
negligible. This assumption is valid based upon further explanation of the
ways in which topographic shading effects are quantified. Depending on
the position of the sun in the sky, the presence of topographic shading
must be confinned to detennine whether or not it is important in the
attenuation of direct UVR. If topographic shading effects exist at a
particular time. then vegetative shading effects are ignored, as per the
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SHADE model. At other times during the day, topographic shading may
not exist, which means vegetative shading effects dominate UVR
attenuation processes. The ways in which the model accounts for
topographic shading effects are given below.
b. Gaps in the canopy allow full penetration of UVR while canopy
completely blocks UVR. Scattering caused by leaves in the canopy is not
taken into account and is considered negligible (Rich, 1990).
c. When vegetative shading effects are important, the attenuation of direct
radiation depends only upon the gap fraction along the solar path. The
attenuation of diffuse radiation can be directly related to the gap fraction
calculated over the entire sky view.
4.2 Components of the Proposed Model
4.2.1 Shade Model Enhancement Tasks
Based on limitations of the SHADE model, the following two tasks enhance the
applicability of SHADE for predicting subcanopy UVR environments:
1. Total UVR above the canopy is inputted and it is disaggregated into its direct
and diffuse components.
2. The gap fraction from the analysis of hemispherical photographs is inputted to
better characterize the canopy structure and to replace procedures used in
SHADE.
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The two enhancement tasks were developed to improve SHADE's modeling
capabilities with respect to the goals of this project. Methods used to apply these tasks
are incorporated into the following sections.
4.2.2 Model Inputs
Most of the input data required to operate the proposed model is the same as that
required in the SHADE model. In the following list of input parameters, those that differ
from the SHADE model are noted by an asterisk (*).
1. The watershed location is defined by the latitude and longitude at the site.
Based on this information and the day of the year, the daily solar track across
the sky can be calculated with the following equations for the solar zenith and
azimuth angles (Chen et al., 1998):
cos Z =sin ¢J sin 0 +cos ¢cos 0 cos 0)1
. AZ -cososinOJI
Sill =-----
sinZ
(11 )
(12)
Z = solar zenith angle
AZ = solar azimuth angle
¢ = latitude of watershed
o= solar declination, a function of the Julian day
OJI = local hour angle, a function of the standard time in
the watershed's time zone, the time difference between
standard and local longitude, the difference between true
solar time and mean solar time.
2. *The value of UV irradiance above the canopy can be estimated by measuring
the UV irradiance in an open area on the ground that is not affected by
shading effects. The measurement of UVR will be affected by varying
atmospheric conditions. the time of day and the day of the year. Average UV
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irradiances can be obtained by taking many measurements at a particular
location under many different sky conditions. A value of UV irradiance can
also be calculated using documented methods (Schippnick and Green, 1982)
that relate UVR to variable parameters (atmospheric conditions, time of day,
and day of year).
3. Topographic features can be defined in two ways. The first way is to
calculate the topographic shade angles, as per methods applied in the SHADE
model (see Section 3.1.1.5). Topographic shade angles can also be
determined by the model if the user inputs the horizontal distance from the
center of the stream to the peak of the topographic feature and the elevation of
the peak. These two values can be obtained easily from a topographic map.
4. *To define riparian vegetative characteristics, hemispherical photography and
the analysis of canopy photographs are used. Information obtained from
analysis conducted by the software package accompanying the CI-II 0 camera
system is inputted into the model.
5. Stream sampling points, as defined in the SHADE model, are located within a
stream reach and are identified in Universal Transverse Mercator (UTM)
coordinates. All necessary input data is collected and inputted into the model
for each stream sampling point.
4.2.3 Disaggregation of Total UVR
Total above-canopy UVR must be disaggregated into its direct and diffuse
components so that the way in which shading affects each of these components can be
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modeled. Three suggestions for disaggregating UVR are suggested here, but it is noted
that further research is required to finalize a method to be applied in the proposed model.
4.2.3.1 Measurement of Total, Direct and Diffuse UVR
To obtain the proportion of direct or diffuse UVR compared to the total UVR, site
specific relationships must be established through measurement. The total UVR and the
diffuse component are measured directly, while the direct component can be determined
by subtracting the diffuse component from the total UVR. Techniques of measuring only
the diffuse component exist, one of which involves shading the sensor that measures
UVR, preventing direct UVR from being recorded by the measuring device. UVR
measurements should be taken under an open sky continuously throughout the day, over
many days, and under many different sky conditions.
A database of these measurements can be created, which forms the support that
the proposed model can use in conjunction with user inputted parameters to disaggregate
total UVR into direct and diffuse UVR for a particular site. Input parameters required to
achieve the disaggregation include:
1. The total above-canopy UVR.
2. The time of day, which determines how much of each component is incident
above the canopy at a particular time.
3. The day of the year expressed as the Julian day.
4. The location of the site on earth defined by the latitude and longitude.
5. The atmospheric conditions including cloud cover and pollutant and aerosol
concentrations.
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Depending upon the amount of detail required by the user, the UVR may be
averaged over a time period. For example, if hourly UVR data is desired, one
measurement of UVR taken each hour would represent the UVR over that hour. This
assumes that the relative amounts of direct and diffuse UVR remain constant throughout
that hour. It is also possible to assume that the relative amounts of direct and diffuse
UVR remain constant during three time periods throughout the day, specified as morning,
midday and evening.
4.2.3.2 Modeling Direct and Diffuse UVR using Sky Distributions
Another method is to model the direct and diffuse components of UVR using
assumed sky distributions. A sky distribution shows how incident UVR is distributed
across the sky over some time (Rich, 1989). For direct radiation, a sky distribution would
depend upon the solar position, which, in tum, depends on site location, time of day, day
of year, and sky conditions. For diffuse radiation, a Uniform Overcast Sky (UOC)
distribution is assumed (see Section 3.3.3.2). Iflong term averages of subcanopy UVR
are desired, assumed sky distributions may be reasonable, whereas short term averages
may be significantly affected by variable ~y conditions which are not reflected in detail
in a direct radiation distribution or a UOC distribution.
4.2.3.3 Other Disaggregation Techniques
Other ways of disaggregating UVR into its two components involve statistical
analyses or intensive calculations that attempt to represent the variability of all the
parameters. These methods are not discussed in this paper. Future research should
consider the best method to obtain the desired infonnation required to operate this model.
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4.2.4 Topographic Shading Effects
Topographic shading effects are considered in a manner similar to the SHADE
model, which is based upon a comparison between inputted topography data and the solar
elevation. If topographic shade angles are directly inputted, the model compares each of
these angles to the solar elevation at a particular time during the day. If the solar
elevation is less than the topographic shade angle, then shading is important and its
effects must be assessed. If the solar elevation is greater than the topographic shade
angle, topographic shading effects are irrelevant (See Figure 3).
If the user inputs the horizontal distance from the stream to the peak of the
topographic feature and the elevation of the peak, the model must first calculate
topographic shade angles before initiating the comparison between these angles and the
solar elevation.
4.2.5 Simulating Canopy Attenuation Processes
Hemispherical photography techniques are applied to characterize riparian canopy
cover so that the location and size of canopy gaps can be determined and essential
relationships developed between the solar path to account for direct radiation, and the
area of the sky hemisphere to account for diffuse radiation. This method of accounting
for vegetative shading effects is different than that applied in SHADE, which uses the
approach outlined in Section 3.1.1.5.
The hemispherical photography techniques applied in the proposed model
combine the use of the CI-ll 0 camera system. its accompanying software, and methods
of analyzing canopy photographs to indirectly estimate subcanopy light environments
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(Rich, 1989). The proposed method must be a combination of these three approaches
because the CI-110 software system is limited in the information it is able to output. The
information that is outputted by this software must be applied in conjunction with
supplemental methods to estimate UVR beneath the canopy.
Rich's Direct Site Factor (DSF), Indirect Site Factor (lSF), and Global Site Factor
(GSF) are important in the simulation ofUVR attenuation (see Section 3.3.3.2) and are
applied to obtain an output of total UVR reaching the stream surface. The DSF and ISF
represent the transmittance of diffuse and direct UVR through the canopy in terms of the
size and location of canopy gaps as determined from the analysis of hemispherical
photographs. The GSF represents the transmittance of total UVR through the canopy.
Transmittance, as previously defined, is the radiation below the canopy divided by the
radiation above the canopy.
A step by step methodology of model calculations is given here:
1. The user captures an image of the riparian canopy cover at a particular stream
sampling point with the CI-ll 0 camera. This digital photograph is stored in a
computer for further analysis. The software analyzes the photograph by
measuring the area of the canopy gaps compared to the total area. This
measurement gives the gap fraction, which is the total number of pixels
identified as canopy openings compared to the total number of pixels. The
gap fraction is used to estimate the attenuation of diffuse UVR.
2. As explained in the literature review of Rich's program, CANOPY:», the
Indirect Site Factor (ISF) is the proportion of diffuse skylight under a plant
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canopy relative to that in the open. This value is taken to be the gap fraction
that is outputted by the CI-110 software:
ISF = gap _ fraction (13)
3. The software also calculates the solar track across the sky using latitude,
longitude, and Julian day values inputted by the user. The solar track is
superimposed on the photograph. From this image, the gaps in the canopy
that will allow the penetration of direct radiation during the day are located
and measured. The proportion of the solar track's total length that intersects
with gaps in the canopy can then be determined (See Figure 10). This
parameter is the gap fraction within the solar track and is used to estimate the
attenuation of direct UVR.
4. Similar to the ISF, the Direct Site Factor (DSF) is the proportion of direct
sunlight under a plant canopy relative to that in the open (Rich, 1989). In the
proposed model, this factor is calculated from the hemispherical photograph
and the superimposed solar track. The number of pixels along the line of the
solar track that intersect with a canopy gap are counted and divided by the
total number of pixels along this line.
5. The DSF and ISF are multiplied by the percentage of the total above canopy
UVR that is direct or diffuse to represent the two components adjusted for
shading effects. (See Equation 14)
6. Beneath the canopy. the direct and diffuse UVR adjusted for shading effects
are summed to yield the GSF. As stated previously. the GSF is the total
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proportion of global radiation under a plant canopy relative to that in the open
(Rich, 1989). To get a value of UV irradiance that is incident on a stream
surface, the user must multiply the GSF by the total above-canopy UVR.
GSF =DSF *direct _ UVRabove + ISF *diffuse _ UVRabol'e (14)
Utilizing the DSF and the ISF in the proposed model allows the attenuation of
direct and diffuse UVR due to riparian canopy cover to be quantified separately. This is
important because these components are attenuated differently and, therefore, are related
to the above canopy UVR in different ways. The key to establishing these relationships
is the size and location of the canopy gaps.
4.2.6 Model Outputs
Detailed model outputs have not yet been specifically defined. The general goal
of the model is to output the amount of UVR incident on a stream surface in terms of UV
irradiances. Outputs of the average values of subcanopy UVR may be desired and
depend on the time period over which model estimates are averaged. Daily maximum
values of subcanopy UVR may also be outputted.
Model outputs depend on the quality and quantity of user inputted parameters,
primarily the above-canopy total UVR data and data defining riparian canopy cover. If a
database containing information of above-canopy UVR is available for a specific site, a
detailed analysis can be carried out by the model. The feasibility of obtaining site
specific riparian canopy cover photographs also plays a role in detennining how well a
site is characterized by user inputs. If the input data is complete and of good quality, the
reliability of the output produced by the model will be relatively good.
58
4.2.7 Representing Natural Variability in the Proposed Model
To obtain site specific model input data that adequately represents the variability
exhibited in natural systems is a challenge. Variable parameters that must be considered
in the proposed model include, but are not limited to:
1. Sky conditions, which affect the UVR incident above the canopy and the
relative amounts of the direct and diffuse components of UVR.
2. Stream shading, which is affected by varying stream characteristics, the
surrounding topography and riparian canopy cover.
It is strategic to divide the stream into reaches that are as homogeneous as
possible in terms of stream orientation, stream width, riparian canopy cover, and nearby
topographic features. If these parameters are relatively homogeneous over the reach, the
model is able to give a representative estimate of UVR incident on the stream surface
along that reach.
It is also important to choose the locations of stream sampling points to be
representative of the reach. The values of UV irradiance obtained for each sampling
point are averaged to give a single value for the reach. If the locations of stream
sampling points do not exhibit 'typical' reach characteristics, then the possibilities of
obtaining a skewed estimate of subcanopy UVR increase.
Entering representative input parameters into the model at carefully chosen stream
sampling points within stream reaches is one way to represent variable natural conditions.
Another way to account for natural variability is to require the model to perfonn many
calculations at stream sampling points and then average the outputted values over the
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stream reach. UVR incident on a stream surface must be calculated at chosen stream
sampling points frequently throughout the day to account for the continuously changing
solar position, which produces varying shading effects. The frequency at which the
model performs a calculation of UV irradiance on a stream surface depends upon the
reliability of the model outputs desired. Statistically, more reliable outputs are given by
averaging more frequently calculated values ofUV irradiance at a point.
Initiating multiple calculations during the day is especially important when
accounting for direct UVR because the amount of this component that is blocked by
topographic features or riparian canopy cover is dependent upon the solar position.
Generally, topographic features, if present, produce shading when the sun is low in the
sky, in the morning or evening. In the middle of the day, when the sun is high in the sky,
only riparian canopy cover prevents a fraction of direct UVR from reaching a stream
surface.
By carefully dividing streams into reaches, choosing stream sampling points
within the reaches and performing a sufficient number of calculations to determine
incident UVR on stream surfaces, the model will represent a site-specific situation
relatively well. These methods should be considered in further development efforts
because they are crucial in determining the quality of model outputs.
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5. Conclusion
The goal of this research is to design a model that can be used to estimate
subcanopy UVR along a stream reach. The proposed conceptual model is based upon
ideas that combine theoretical aspects of UVR physics and practical applications of
existing models. Only the initial development is presented in this paper and further
research is required to achieve the goal of creating a working model.
5.1 Positive Attributes and Limitations
The proposed model has several positive attributes that will make it reasonable to
use when simulating shading effects on UVR. Positive attributes of the proposed model
contribute to the relative ease with which the model can be operated and the usefulness of
output information. The model is designed so that site-specific parameters can be
inputted easily and the sub-system models are representative of natural attenuation
processes and have reasonable accuracy; and outputs give sufficient information in usable
forms (See Table 1).
Limiting attributes of the proposed model are primarily linked to the difficulties in
modeling UVR attenuation, which requires the application of many naturally varying
parameters in estimating subcanopy UVR. To utilize the model in a particular watershed,
site-specific infom1ation must be determined, either by theoretical calculations or
empirically. A database of above-canopy UVR must be compiled and inputted into the
model. From this database, total UVR can be disaggregated into its direct and diffuse
components for any location within the watershed.
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Comprehensive GIS information can be created to give information relating to the
location of the watershed, the stream reaches and the stream sampling points. GIS data
can also incorporate topographic information and canopy structure data that can give the
user a basic idea of locations where shading effects are prominent. More site specific
canopy structure data is obtained with the use of hemispherical photography, requiring
fieldwork. A summary of the positive and limiting attributes is given in the table below.
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Attribute Positive Limitation
GIS-based input. GIS databases provide a Time and effort are required
wealth of information, to compile information in a
giving not only the location GIS format.
of geographic features, but
also the attributes that
identify them.
Fieldwork- capturing digital Taking hemispherical To obtain representative
canopy Images. photographs is simple and canopy cover data,
photographs are easily sufficient hemispherical
stored and analyzed with photographs must be taken
the use of a computer and at stream sampling points
accompanying software along stream reaches to
package. obtain representative data
for stream reaches.
Measurements- developing When a database of UVR Many measurements of
empirical relationships measurements is developed, total UVR and diffuse UVR
between total, direct and it can be used to derive the are required to be taken
diffuse UVR. total UVR incident above continuously throughout the
the canopy and to day, over many days and
disaggregate total UVR into under all sky conditions.
its components.
Applied algorithms- Shading effects are Simulating natural
simulating shading effects. simulated simply by attenuation processes due to
establishing a relationship shading must be simplified
between the above-canopy and in doing so, limitations
UVR and the gap fractions, are introduced.
both along the sun track and Application of the model is
over the sky hemisphere. limited to estimating the
effects of riparian shading.
Output information Several possibilities exist, The output that is given is
including long-term limited in that it depends on
averages, short-term the frequency over a day
averages as well as daily with which calculations are
maximum and minimum performed. The frequency
values. depends on the above-
canopy UVR data; if data is
presented hourly, then
calculations can occur on an
hourly basis giving
relatively good estimates of
UVR over a day.
Table 1: Summary of positiyc and limiting attributes.
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5.2 Future Research
Future research needs are determined by the limitations of the proposed model
and the steps that must be taken to apply the concepts presented in this paper to develop a
working model. The major limitations of the proposed model are the lack of GIS-
generated information giving site-specific watershed and stream characteristics, and the
lack of an efficient method to obtain total above-canopy UVR and disaggregate it into its
components. Also, the amount of fieldwork required to obtain canopy photographs may,
depending on the users' needs, limit the potential of the model to output reasonable
estimates of subcanopy UVR. Ways to reduce the time spent in the field must be
investigated, such as the use of aerial photographs.
It is recommended that watershed-scale surveys be conducted to compile
characteristics pertaining to streams, topographic features near streams, and basic
vegetation data in GIS format. The result of watershed surveys would be a
comprehensive GIS database that can be used to easily determine necessary input
parameters, divide streams into reaches and identify stream sampling locations. A survey
may consist of a combination of fieldwork, conversion of previously collected watershed
characteristics into GIS format and compilation of available GIS data, depending upon its
availability. Topographic maps and aerial photographs can be used to obtain much of the
needed infonnation. Stream order, stream orientation, topographic features, and the
location of riparian vegetation can be noted and locations that are likely affected by
shading effects can be identified. From an examination of these characteristics, relatively
homogenous stream reaches and representative stream sampling points can be identified.
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Other steps that must be taken to convert this conceptual model to a working
model are:
1. Develop a methodology to efficiently obtain all necessary input parameters,
which include, but are not limited to:
a. Total above-canopy UVR must be measured directly or calculated using
empirical methods.
b. Topographic features can be estimated from topographic maps and GIS
technologies.
c. Riparian vegetation data is obtained from taking hemispherical
photographs at stream sampling points. Canopy structure characteristics
are inputted into the model to calculate the gap fractions along the solar
track and over the sky hemisphere.
2. Use modeling technologies to apply input parameters to equations that
simulate topographic and vegetative shading effects. The following
parameters must be put into a form that can be used by the model:
a. Total above-canopy UVR must be disaggregated into direct and diffuse
UVR. Further research is required to define a way to achieve
disaggregation.
b. Inputted topographic data is used to determine topographic shade angles
and identify the importance of topographic shading effects as outlined in
Section 4.2.4.
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c. The analysis of hemispherical canopy photographs must be incorporated
into the model by developing a standard format or method for inputting
canopy structure data. The model must be able to utilize this information
to calculate the effects of canopy cover as outlined in Section 4.2.5.
Currently, the CI-110 software package is proposed, but supplemental
methods are required to obtain values for the DSF and ISF. It is
recommended that other software packages, such as the CANOPY@
program, be investigated to stand alone so that more useful and complete
canopy structure data can be obtained without supplemental methods.
3. The frequency with which calculations are performed to obtain the desired
output information (long-term averages, short-term averages and/or minimum
and maximum values ofUV irradiance on stream surfaces) must be
determined.
4. The ways in which the outputted data can be used to aide in research
concerning the effects ofUV irradiances on lotic systems must be
investigated.
By researching limitations of the proposed model and investigating ways to
finalize applied methods, a source code can be written. The code written for the SHADE
model is available from the authors and can be used as a guide. The changes to the
SHADE model. presented in this paper, which are based upon a thorough literature
review of UVR physics and existing models, are the backbone to the conceptual model.
A foundation for the proposed model is given as well as suggestions to proceed with
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future research to create a working model that accounts for topographic and vegetative
shading effects to determine incident UV irradiances on stream surfaces.
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APPENDIX A: GLOSSARY
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GLOSSARY
Albedo: The fraction of incident radiation that is reflected by a surface or body.
Diffuse radiation: Radiation that reaches the ground from all parts of the sky hemisphere
because of scattering.
Direct radiation: Radiation transmitted uninterrupted through the atmosphere to a
location on earth.
Direct Site Factor (DSF): The proportion of direct sunlight under a plant canopy relative
to that in the open.
Global Site Factor (GSF): The total proportion of global radiation under a plant canopy
relative to that in the open.
Hill projection: An equiangular projection, which means that there is a directly
proportional relationship between angular altitude and radial distance.
Incident radiation: Radiation that strikes a surface or body.
Indirect Site Factor (lSF): The proportion of diffuse skylight under a plant canopy
relative to that in the open.
Irradiance: The density of radiation incident on a given surface. Expressed in
Watts/square centimeter.
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Figure 1: Hill Projection (Rich. 1990)
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Mie scattering: Scattering that depends on the ratio of wavelength to particle size and the
number of scattering particles in the atmosphere.
Ozone layer: An atmospheric layer at heights of about 20 to 30 miles that is normally
characterized by high ozone content which blocks most solar ultraviolet radiation from
entry into the lower atmosphere.
Rayleigh scattering: Scattering from air molecules in a matter that is dependent on
wavelength.
Solar azimuth angle: The angle of inclination of the sun relative to the horizon from an
observer's perspective (See Figure la).
Solar elevation/Solar altitude: The complement angle of the solar zenith angle.
Solar zenith angle: The angle between the normal to the surface and the position of the
sun in the sky.
Stream sampling point: A point within a stream reach that exhibits representative
characteristics of that reach.
Topographic shade angle: The angle used to describe the height of a topographic feature,
which is measured from the stream surface up to the topographic feature that obstructs
the sun beam from reaching the stream surface (See Figure 3).
UV-A: Radiation of wavelengths of320 nanometers (nm) to 400 nm.
UV-B: Radiation of wavelengths of280 nm to 320 nm.
UV-c: Radiation of wavelengths of200 nm to 280 nm.
Vegetation polygon: A section of the riparian buffer at a stream sampling point that is
described by several parameters (See Figure 5).
Vegetation shade angle: The reverse tangent of the maximum height of the vegetation
divided by the distance from the stream to the riparian buffer (See Figure 3).
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Figure 2: Defining Solar position (a) Solar azimuth and solar zenith angles (CID. Inc ..
2003). (b) Solar zenith angle and solar elevation
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APPENDIX B: STREAM SHADING DEFINITIONS
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Vegetative Shade Angle Vegetative Shade Angle
Topographic Shade Angle
Figure 3 (Top): Stream Shading Dynamics
Figure 4 (Bottom): Definition of Sky Opelmess
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Vegetation polygons
c:
o
Cl
>.(5
0.
'0
j;;
Cl
'w
J:
1
I
1
1
1
1
1
1L _
Width of polygon
r------
1
1
I
I
I
I
I
I I
______________1
M
Distance from wetted
perimeter to polygon
Figure 5: Definition of Vegetation Polygon
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APPENDIX C: HEMISPHERICAL PHOTOGRAPHY
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Figure 6 (Top): CI-IIO camera fitted with hemispherical lens (CID, Inc., 2003)
Figure 7 (Bottom): Example of hemispherical photograph (Canopy Architecture Model:
3D-CPCA.2003)
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Figure 8 (Top): Direct Site Factor (DSF) (Rich, 1989)
Figure 9 (Bottom): Indirect Site Factor (ISF) (Rich. 1989)
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(a)
X= Intersections of
gaps and sun track
(b)
Azimuth angles
Zenith angles
Figure 10: Schematic hemispherical photograph. (a) Gap fraction along solar track. (b)
Gap fraction oyer sky hemisphere as defined by solar azimuth and zenith angles.
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